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Summary The aims of this study were to assess the genetic diversity of 17 populations of Vietnamese
local chickens (VNN) and one Red Jungle Fowl population, together with six chicken
populations of Chinese origin (CNO), and to provide priorities supporting the conservation of
genetic resources using 20 microsatellites. Consequently, the VNN populations exhibited a
higher diversity than did CNO populations in terms of number of alleles but showed a
slightly lower observed heterozygosity. The VNN populations showed in total seven private
alleles, whereas no CNO private alleles were found. The expected heterozygosity of 0.576 in
the VNN populations was higher than the observed heterozygosity of 0.490, leading to
heterozygote deficiency within populations. This issue could be partly explained by the
Wahlund effect due to fragmentation of several populations between chicken flocks.
Molecular analysis of variance showed that most of genetic variation was found within
VNN populations. The Bayesian clustering analysis showed that VNN and CNO chickens
were separated into two distinct groups with little evidence for gene flow between them.
Among the 24 populations, 13 were successfully assigned to their own cluster, whereas the
structuring was not clear for the remaining 11 chicken populations. The contributions of
24 populations to the total genetic diversity were mostly consistent across two approaches,
taking into account the within- and between-populations genetic diversity and allelic
richness. The black H’mong, Lien Minh, Luong Phuong and Red Jungle Fowl were ranked
with the highest priorities for conservation according to Caballero and Toro’s and Petit’s
approaches. In conclusion, a national strategy needs to be set up for Vietnamese chicken
populations, with three main components: conservation of high-priority breeds, within-
breed management with animal exchanges between flocks to avoid Wahlund effect and
monitoring of inbreeding rate.
Keywords Bayesian clustering analysis, genetic variation, microsatellite marker, principal
component analysis
Introduction
Domestication of chicken has been suggested to have taken
place more than 8000 years ago in South-East Asia and
surrounding areas where Red Jungle Fowl still remains in
the forest (Liu et al. 2006; Storey et al. 2012). Vietnam is
considered as one possible place where domestication of Red
Jungle Fowl took place about 10 000 years ago (Sherman
2002; Sawai et al. 2010). Furthermore, gene flow between
wild and domestic fowls may still take place in northern
remote areas of the country (Berthouly et al. 2009).
Archaeological discoveries of many statues of chickens in
Vietnam, from the Early Bronze Age, between 3000 and
2000 year BC, and the Early Stone Age, 2000 year BC,
show the very ancient presence and importance of chickens
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in the Vietnamese civilisation (Vo 1978; Higham et al.
2011). Archaeological evidence also supports that chicken
production in Vietnam began between 3000 and
3500 years ago in the valley of the Tam Dao and Ba Vi
mountainous areas in Hanoi. Dong Tao, Ho and Mia
chickens were believed to have been offered to kings
hundreds of years ago (FAO 2008).
In Vietnam, there are about 28 local chicken breeds
recorded, which generally show low productivity (Minh
et al. 2006; FAO 2008). Statistics recorded in 2005 showed
that local chickens were kept mainly by smallholder farmers
in villages with flock size ranging from five to 60 birds and
contributing to 65% of the Vietnam poultry products (FAO
2008).
Traditional conservation criteria for Vietnamese local
chickens are based on cultural values, historical heritage,
plumage colours and specific traits for good meat and egg
performance. Since the 1990s, local chickens have been
conserved at several research centres of the National
Institute of Animal Sciences (NIAS) as well as by private
farmers. The Vietnamese government supports 20% of the
annual total expenditure for farmers to maintain local
chickens. Such a low allocation might result in farmers not
exclusively raising these breeds, increasing admixture risks
and ultimately abandoning conservation programmes and
thus leading to the local chickens’ possible extinction
(Hoang & Vo 2010).
Since 1998, a commercial Chinese slow-growing breed
(Luong Phuong breed) from Nanning, Guangxi Province,
was introduced into Vietnam by NIAS (Le 2009). This
breed plays an important role in current poultry produc-
tion due to its favourable price, high production and
plumage colour that reminds Vietnamese local chickens.
Its success may have important consequences in terms of
local breed replacement or introgression (Schou et al.
2010).
Microsatellite markers usually are used to monitor
genetic diversity, although studies with high-density SNP
markers are becoming more frequent (G€arke et al. 2012;
Shimogiri et al. 2012; Wragg et al. 2012). The advantage
of using microsatellites is that these microsatellites have
been recommended by FAO (2010) and have been used in
many other studies, allowing direct comparisons. Indeed,
the genetic diversity of Vietnamese chickens has already
been studied for Ha Giang chickens in Ha Giang Province
using microsatellite markers and mitochondrial DNA
(Berthouly et al. 2009; Berthouly-Salazar et al. 2010) as
well as for nine Vietnamese local chicken breeds (i.e. black
H’mong, Mia, Ri, Dong Tao, Te, Choi, Ac and Tau Vang)
and two Chinese-origin chicken breeds (i.e. Tam Hoang
and Luong Phuong), using 29 microsatellites (Cuc et al.
2010). The highest conservation potential, according to
the Weitzman approach, was obtained in the Ac, Dong
Tao and Te breeds, whereas the lowest was found for the
Ri and Mia breeds (Cuc et al. 2011). Nevertheless, several
chicken breeds from Vietnam are not characterised yet.
Chicken genetic resources provide the basis for genetic
improvement in order to increase productivity but also to
adapt domestic populations to changes in production
environments as well as in markets, management practices
and disease challenges (Tixier-Boichard et al. 2009; Boett-
cher et al. 2010). The understanding of breed structure,
efficient management and traceability of breed origin is
needed for conservation and exploitation of genetic
resources (Tixier-Boichard et al. 2009; Lenstra et al.
2012). Molecular tools make it partly possible to investi-
gate those characteristics and to prioritise breeds for
conservation, especially in the absence of pedigree infor-
mation and performance data (Allendorf et al. 2010;
Lenstra et al. 2012).
The objectives of this research were (i) to investigate the
genetic makeup of 17 populations of Vietnamese local
chickens and one Red Jungle Fowl population, together
with six chicken populations of Chinese origin, and (ii) to




A total of 1164 individuals were sampled from 17 popu-
lations of Vietnamese local chickens (VNN), one Red Jungle
Fowl population and six chicken populations of Chinese
origin (CNO), which were distributed across five different
regions within Vietnam (Table S1 & Fig. 1). Sampling took
place in conservation farms with an average number of 57
chickens per VNN population (except for Dan Khao popu-
lation with four birds), 38 chickens per CNO population and
11 Red Jungle Fowls. The name and sample size for each
population are shown in Table 1. About half of the chicken
populations (11 of 23) were sampled in more than one
flock. Neither pedigree information nor phenotypic infor-
mation was available, so chickens were sampled randomly
within each flock. The description of the 24 populations is
given in Appendix S1.
Sampling and genotyping
Blood samples were taken from the wing vein into sterile
blood collection tubes (BD Vacutainer) containing 7.2 mg
K2 EDTA and stored at 4 °C. Genomic DNA was extracted
by the Bioneer kit (AccuPrep® Genomic DNA Extraction Kit)
and stored at –20 °C. Subsequently, 22 microsatellite
markers distributed on 12 autosomal chromosomes and
previously used in the AvianDiv project (Hillel et al. 2003)
were chosen for genotyping 1164 individuals (Table S2).
The PCR products were analysed by a 3730 DNA Analyzer
(Applied Biosystems). GENEMAPER software version 4.0 was
used to retrieve the genotypes.
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Data analysis
The presence of null alleles was tested using FREENA software
(Chapuis & Estoup 2007) in which loci with estimated
frequencies of null alleles above 0.2 were considered to be
potentially problematic for calculations. A total of 22
markers were used in the analysis, but markers LEI0192
and MCW0014 were subsequently removed from the data
set due to null alleles (Table S2). The mean number of
alleles and private alleles relative to other populations from
this study were calculated using the GENALEX 6.41 package
(Peakall & Smouse 2006). Allelic richness, using a rarefac-
tion method, was computed using FSTAT 2.9.3 (Goudet
2002). The observed heterozygosity, expected heterozygos-
ity and polymorphic information content (PIC) values
(Botstein et al. 1980) were calculated by MOLKIN 3.0
(Gutiérrez et al. 2005). Furthermore, the within-population
inbreeding coefficient (FIS) and population genetic differen-
tiation (FST) were also calculated in FSTAT 2.9.3 according to
Weir & Cockerman (1984). Tests for deviation from Hardy–
Weinberg equilibrium (HWE) across all loci for each
population were computed by GENEPOP 4.1.4 (Rousset
2008), using the Fisher’s exact test and the Markov chain
algorithm to calculate the P-values (Guo & Thompson
1992). Test of significance was corrected with sequential
Bonferroni correction on the 20 loci (Rice 1989).
Reynold’s DR distances (Reynolds et al. 1983) were
computed by the POPULATIONS 1.2.32 package (Langella
1999) and used to draw a Neighbornet tree using SPLITSTREE
4.12.3 (Huson & Bryant 2006). The genetic variation was
compared between countries of origin (i.e. VNN and CNO),
among populations within a country and within popula-
tions using a hierarchical analysis of molecular variance
(AMOVA) computed using ARLEQUIN 3.5.1.2 (Excoffier &
Lischer 2010). Principal component analysis was performed
with the ADE-4 package (Chessel et al. 2005) implemented in
Black H’mong
Xuoc
Dan Khao Te Dong Bac
Huong Ke















Figure 1 Geographical origin of chicken populations. Vietnamese local chickens from north-west (labelled in pink) is black H’mong; from north-east
(labelled in green) are Xuoc, Dan Khao, Lien Minh, Tien Yen and Troi; from Red River Delta (labelled in black) are Dong Tao, Ho, Mia, Mong, Ri, Te,
To and Tre; from the south central coast (labelled in yellow) is Choi; and from Mekong River Delta (labelled in light blue) are Ac and Tau Vang.
Chicken breed from the Limestone Mountains (labelled in red) is Red Jungle Fowl. Chicken populations of Chinese origin (labelled in dark blue) are
Luong Phuong from Hanoi; Hac Phong, Man and Quy Phi from Quang Ninh Province; and Huong Ke and Te Dong Bac from Lang Son Province.
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R (R Core Development Team 2006) to reveal potential
fragmentation of populations across the different flocks
sampled within the 17 VNN populations.
Moreover, 24 populations were used to investigate the
genetic structuring between populations. The approach
implemented in STRUCTURE 2.3.3 (Pritchard et al. 2000) was
performed with an admixture model and with correlated
allele frequency (Falush et al. 2003) to infer the population
structure with no a priori information at the BIOPORTAL
(Kumar et al. 2009). In the first analysis, we ran STRUCTURE
from K = 1–28, 50 independent runs for each K value with
1 9 106 Markov chain Monte Carlo iterations after a burn-
in period of 5 9 105 repetitions. The evaluation of the best
K genetic cluster was based on ΔK for K = 2–27 following
the Evanno method (Evanno et al. 2005) using the STRUCTURE
HARVESTER v0.6.91 application (Earl & vonHoldt 2012). Then
CLUMPP 1.1.2 (Jakobsson & Rosenberg 2007) was used to
estimate the highest similarity coefficient over all runs for
different values of K using the large K greedy algorithm to
compute the similarity function G’. The Q matrix with the
highest similarity coefficient was used for graphical repre-
sentation of cluster assignments with the DISTRUCT v1.1
programme (Rosenberg 2004). The second analysis applied
the approach suggested by Rosenberg et al. (2001) for the
evaluation of assignment of individuals to populations. At
each step, when a subgroup was found, we performed a new
STRUCTURE analysis within this subgroup and so on until only
one population was included in the subgroup or if popula-
tions included into the subgroup could not be further
differentiated. At each step, K ranging from 1 to n + 3
populations was tested and evaluated using the Evanno
method. Finally, we ran STRUCTURE analyses for each of the
10 VNN populations that were sampled in more than one
flock. We repeated STRUCTURE (i) with markers that were at
HWE (i.e. after removing the markers that deviated from
HWE, indicated in Table S3) and (ii) with only markers that
were deviating from HWE.
The contribution of each breed to total genetic diversity
was computed using two approaches: a method based on
molecular co-ancestry (Caballero & Toro 2002) and a
method based on allelic richness (Petit et al. 1998). The
method described by Caballero & Toro (2002) assumes a
metapopulation consisting of n populations and i subpop-
ulations (or breeds). Priority settings for conservation were
Table 1 Genetic diversity within 17 Vietnamese local chicken populations (VNN), one Red Jungle Fowl and the six chicken populations of Chinese
origin (CNO) as analysed by 20 microsatellite markers.
Populations
(abbreviation) n NF MNA NP AR HO HE dHWE
Vietnamese local chickens
1 Ac (AC) 50 1 4.3 1 2.9 0.444 0.528 5
2 Black H’mong (HM) 70 2 5.5 1 3.4 0.524 0.622 7
3 Choi (CH) 49 6 5.5 2 3.4 0.521 0.595 6
4 Dan Khao (DK) 4 1 2.8 nd 0.463 0.498
5 Dong Tao (DT) 70 3 5.1 3.0 0.445 0.525 10
6 Ho (HO) 50 2 5.0 3.1 0.469 0.571 8
7 Mia (MA) 80 3 5.8 1 3.2 0.471 0.564 8
8 Mong (MG) 66 2 4.7 3.0 0.463 0.565 6
9 Lien Minh (LM) 50 4 4.2 2.9 0.471 0.560 5
10 Ri (RI) 70 2 5.0 3.2 0.481 0.570 8
11 Tau Vang (TV) 55 1 5.3 3.3 0.555 0.626 8
12 Te (TE) 42 2 5.3 1 3.4 0.493 0.609 10
13 Tien Yen (TY) 59 1 5.3 3.2 0.569 0.589 3
14 To (TO) 35 1 4.4 3.0 0.488 0.529 4
15 Tre (TR) 75 3 5.4 1 3.2 0.465 0.591 12
16 Troi (TI) 60 1 5.4 3.2 0.483 0.564 6
17 Xuoc (XC) 40 1 5.2 3.3 0.504 0.602 9
Mean of VNN1 5.1 3.2 0.490 0.576 7.2
18 Red Jungle Fowl (Ggs) 11 1 4.4 1 3.8 0.539 0.612 1
Chinese-origin chickens
19 Hac Phong (HP) 42 1 5.0 3.1 0.506 0.585 5
20 Huong Ke (HK) 20 1 4.2 3.2 0.557 0.580 2
21 Man (MN) 42 1 3.8 3.0 0.519 0.553 3
22 Quy Phi (QP) 48 1 3.0 2.2 0.357 0.365 3
23 Te Dong Bac (TD) 23 1 4.4 3.2 0.556 0.583 1
24 Luong Phuong (LP) 53 2 4.7 3.2 0.589 0.613 2
Mean of CNO 4.2 3.0 0.514 0.547 2.7
AR, allelic richness rarefied at 10 individuals; HO, observed heterozygosity; dHWE, number of loci deviating from Hardy–Weinberg equilibrium after
Bonferroni correction; HE, expected heterozygosity; MNA, mean number of alleles; n, number of samples; nd, not defined; NF, number of flocks;
NP, number of private alleles.
1Mean of 16 VNN populations, not including Dan Khao population.
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proposed using a criterion of the maintenance of the
maximum overall Nei’s (1987) gene diversity (GD) in
the preserved set of breeds. The average of molecular
co-ancestry within subpopulations (fs), the average of
molecular co-ancestry within metapopulation (fm) and the
average of Nei’s minimum genetic distance between
subpopulations (Nei 1987) were computed using MOLKIN
3.0 (Gutiérrez et al. 2005). Total gene diversity (GDT) is
GDT = 1 – fm. Genetic diversity within subpopulations
is GDW = 1 – fs. Genetic diversity between subpopulations
is GDB = fs – fm. This approach estimates the genetic
diversity remaining when removing a breed. Therefore, a
positive value indicates that higher diversity is obtained
when a breed is not included in the data set. The method
described by Petit et al. (1998), using the rarefied number
of alleles per locus, was applied to assess the contribution
of each subpopulation to total allelic richness (CT) in the
metapopulation. The CT included the allelic richness of
within-subpopulation diversity (CS) and its divergence from
other subpopulations (CD) therefore taking into account
private alleles. In contrast to the method of Caballero and
Toro, this one estimates a contribution to genetic diversity.
Therefore, a positive value would indicate that including




Among the remaining 20 microsatellite markers, a total of
169 alleles were detected across the 24 populations and the
mean number of alleles per locus was 8.5, ranging from 3 to
14 (Table S2). The observed heterozygosity varied from
0.229 for MCW0098 to 0.682 for MCW0330, with an
average of 0.465 per locus over all populations. The expected
heterozygosity per locus averaged 0.638 and varied from
0.270 for MCW0098 to 0.778 for MCW0295. On average,
the PIC value of the 20microsatellites was 0.592 and ranged
from 0.247 forMCW0098 to 0.746 forMCW0295.
Genetic diversity within populations
The mean number of alleles in the VNN populations was
5.1, whereas that of the CNO populations was 4.2
(Table 1; Wilcoxon signed-rank test, P < 0.05). Seven
VNN-specific alleles were detected in six VNN populations,
whereas the CNO populations had no specific alleles. The
average allelic richness, rarefied to a sample size of 10
individuals, and therefore excluding the Dan Khao popu-
lation, was 3.0 in CNO and 3.2 in VNN populations. There
was a large deficiency of heterozygotes in all populations
across the 20 loci. The observed heterozygosity ranged
from 0.444 to 0.569 in VNN and from 0.357 to 0.589 in
CNO chickens, whereas the expected heterozygosity ranged
from 0.498 to 0.626 in VNN and from 0.365 to 0.613 in
CNO chickens. All populations exhibited some loci signif-
icantly deviating from HWE, except for Dan Khao, for
which the sample was very limited. The number of loci
significantly deviating from HWE tended to increase for
populations sampled in several flocks, varying from 3 to 12
in VNN populations (average, 7.2) and 1 to 5 in CNO
populations (average, 2.7), and was significantly higher in
VNN than in CNO populations (Wilcoxon two-sample test,
P < 0.01). The Red Jungle Fowl population exhibited one
locus (MCW0103) deviating from HWE. This was consis-
tent with the FIS estimates, which were all positive and
ranged from 0.075 in Luong Phuong to 0.261 in the Tre
population. The correlation coefficient between the number
of loci that deviated from HWE and the inbreeding
coefficients was significantly positive (Spearman’s rank
correlation = 0.88, P < 0.001). The average genetic differ-
entiation (FST) among VNN populations reached 0.085
compared with 0.147 among CNO populations. Mean FST
value between VNN and CNO populations was 0.155. The
Red Jungle Fowl population showed a lower FST value to
VNN of 0.139 than to CNO populations of 0.154 (Wilco-
xon signed-rank test, P = 0.031).
Genetic relationships and variations among populations
The Neighbornet tree using DR distances showed several
splits, indicating a reticulated structure according to country
of origin (VNN vs. CNO). Within the VNN group, populations
from north-east and Red River Delta appeared to be quite
intermingled (Fig. S1). Chickens from Red River Delta were
separated in two blocks,whereas populations fromnorth-east
region were scattered. The Ac population fromMekong River
Delta appeared more closely related to Choi from the south
central coast than to Tau Vang, which originated also from
Mekong River Delta. Three VNN populations (Ac, Dan Khao
and Lien Minh) and one CNO (Quy Phi) showed long
branches, particularly for Quy Phi. Surprisingly, Red Jungle
Fowl was closer to the CNO populations.
The results of the global AMOVA for 23 chicken
populations are given in Table S4. Genetic variation
between countries, Vietnamese vs. Chinese chicken popu-
lations, was significant but represented only 6.2% of total
genetic variation. Genetic variation between CNO popula-
tions was significant at 16.6% and higher than the value of
8.8% observed between VNN populations. However, the
overall genetic variation was distributed mainly within
populations, with 91.2% and 83.4% for VNN and CNO
populations respectively.
Genetic substructuring among populations
The best ΔK value in the Bayesian clustering analysis using
the 23 populations of domestic chicken and one Red Jungle
Fowl population was obtained for K = 2 (Fig. S2a). The
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results indicated that individuals were most likely separated
into two genetically distinct clusters according to their
country of origin: Vietnamese local chickens versus chick-
ens of Chinese origin (Fig. 2a). The mean assignment value
of Red Jungle Fowl to CNO cluster was 0.63. Overall, four to
five steps of sequential subset clustering were needed to
separate individual populations for both VNN and CNO






















































































































































Figure 2 Sequential substructuring pattern. (a) Clustering diagram of 23 domestic chicken populations and one Red Jungle Fowl population sampled
in Vietnam; (b) genetic structuring of the 17 VNN populations; and (c) genetic structuring of one Red Jungle Fowl population and the six CNO
populations. The black lines separate individuals of different populations. AC, Ac; HM, black H’mong; CH, Choi; DK, Dan Khao; DT, Dong Tao; HO,
Ho; MA, Mia; MG, Mong; LM, Lien Minh; RI, Ri; TV, Tau Vang; TE, Te; TY, Tien Yen; TO, To; TR, Tre; TI, Troi; XC, Xuoc; Ggs, Red Jungle Fowl; HP,
Hac Phong; HK, Huong Ke; MN, Man; QP, Quy Phi; TD, Te Dong Bac; and LP, Luong Phuong.
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The 17 VNN populations were first organised into two
groups with the best ΔK value found at K = 2 (Fig. S2b). The
first group consisted of chickens from Red River Delta (Ho,
Mong, Te and Tre) and from north-east (Lien Minh and
Xuoc; Fig. 2b). At K = 2, the Lien Minh population was the
most distinguished from the six others within this group
with a membership proportion of 0.95. The next subset
consisted of Ho, Mong, Te, Tre and Xuoc. Further analyses
showed that Te could be identified with a membership
proportion of 0.82, whereas Ho-Mong and Tre-Xuoc still
could not be separated from each other. The second group
included populations from Red River Delta (Dong Tao, Mia,
Ri and To), from north-east (Dan Khao, Tien Yen and Troi),
from Mekong River Delta (Ac and Tau Vang), from
north-west (black H’mong) and Choi from the south central
coast. In the next step, the first subgroup included Dan
Khao, Tien Yen, Troi, To and Tau Vang. At K = 2 (K = 2–5
tested), Dan Khao and Tau Vang could be assigned to their
own cluster with a membership proportion of 0.81 and
0.95 respectively. In contrast, To, Troi and Tien Yen
populations were still showing an admixed pattern. The
second subgroup included black H’mong, Dong Tao, Mia,
Ri, Choi and Ac populations. When analysed apart for this
subgroup, black H’mong and Ri could be distinguished at
K = 2 with a membership proportion of 0.96 and 0.91
respectively. Choi and Ac could be assigned to their own
cluster with a membership proportion of 0.92 and 0.90
respectively. The remaining Dong Tao and Mia populations
still could not be distinguished.
Regarding the six CNO populations and the Red Jungle
Fowl, the best ΔK values were found at K = 3 and K = 6 (Fig.
S2c). Only Quy Phi was differentiated from the remaining
populations at K = 3 (Fig. 2c). At K = 6, the assignation of
Red Jungle Fowl, Quy Phi, Man, Hac Phong and Luong
Phuong populations could be done with a membership
proportion of 0.96, 0.96, 0.92, 0.80 and 0.84 respectively.
However, Te Dong Bac and Huong Ke populations still
could not be distinguished from each other.
Genetic substructuring within populations at the flock
level
To investigate the influence of flock of origin on population
substructuring and a possible Wahlund effect, analyses (i.e.
genetic diversity, deviation from HWE, inbreeding coeffi-
cient, STRUCTURE and PCA analysis within population in each
flock) were also performed on the 10 populations of chicken,
which were sampled in two to six flocks each (Table S5).
These VNN populations exhibited an average observed
heterozygosity of 0.461 and a high inbreeding rate (0.170–
when not accounting for the flock LM_16) and showed a
lower genetic diversity as compared to the VNN populations
that were sampled in only one flock. We found more than
0.1 differences in observed heterozygosity estimates
between flocks from four of the VNN populations (Dong
Tao, Mia, Te and Tre). For five (Dong Tao, Ho, Mong, Lien
Minh and Tre) of these 10 populations, inbreeding rates
could vary by a factor of two between flocks with the
smallest and the highest FIS values.
Several flocks sampled for the same breed did separate
into different clusters (Fig. S3a). For instance, the two
flocks sampled for Ho (HO_1 and HO_2) were successfully
assigned to their own cluster. Similar subclustering
between flocks was observed for Mong (MG_1 and
MG_3), Mia (MA_1 and MA_2), Dong Tao (DT_2 and
DT_4), Lien Minh (LM_15 and LM_16) and Tre (TR_2).
The remaining 18 chicken flocks still exhibited an admixed
pattern, and no individual clustering was found for black
H’mong, Choi, Ri, Te and Tre flocks. Additionally, the
subclustering pattern among flocks within breeds was
consistent for the markers that were deviating from HWE,
except for Dong Tao and Mong (Fig. S3c). Dong Tao
(DT_2) and Mong (MG_1 and MG_3) exhibited a clear
substructure when using markers not at HWE, whereas
their population structure was absent in the case of
markers that were at HWE (Fig. S3b). For the remaining
populations, STRUCTURE results were not affected very much
by the markers deviating from HWE proportions.
The PCA analysis showed that Lien Minh flocks were
grouped together and far from the rest of the VNN
populations (Fig. 3). On the contrary, flocks from a given
population generally did not group together but, rather,
grouped with flocks from other populations. For instance,
flocks from Ho and Mong were grouping as follows: (HO_1
and MG_1) and (HO_2 and MG_3) were corroborating
Bayesian clustering results (Figs 3 & S3). Similarly, DT_2
was far from DT_4 and DT_5, which were found close to
MA_6 and RI_1.
Contribution to diversity
Breeds’ contributions to genetic diversity within popula-
tions, between populations and at a global level are shown
in Table S6. At the within-population level, three popula-
tions had the highest contribution, the black H’mong,
Tau Vang and Luong Phuong populations. Their loss
would induce the highest loss of within-population diversity
(–0.56%, –0.45% and –0.34% respectively). On the con-
trary, removing the Quy Phi population would raise the
within-population genetic diversity (1.45%). At the
between-population level, the highest loss occurred by
removing the Quy Phi, Lien Minh and Luong Phuong
populations and the highest gain when removing the Mia
and Troi populations. Overall, taking into account popula-
tion contributions at each level (i.e. within and between
diversity), the highest loss occurred when removing Luong
Phuong (–0.75%), Lien Minh (–0.43%), Quy Phi (–0.39%)
and black H’mong (–0.26%). The five pairs of populations,
that is, Dong Tao and Mia, Ho and Mong, Troi and Tien
Yen, Huong Ke and Te Dong Bac, and Tre and Xuoc, were
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closely clustered together by the Bayesian analysis (Fig. 2b).
The removal of one breed among the pair did not influence
the total genetic diversity of the data set very much.
However, in the case when one pair becomes totally extinct,
the genetic diversity in the whole population, both
within- and between-population diversity, would be
decreased by –4.26% to –13.64%.
According to Petit et al. (1998), the Red Jungle Fowl
(0.87), black H’mong (0.44) and Te (0.43) populations
contribute the most to the within-population diversity
(Table S6). Similar to the results obtained from the method
of Caballero and Toro, the Quy Phi, Lien Minh and Luong
Phuong populations contributed the most at the between-
population level. Thus again, the Luong Phuong population
ended up being the one with the highest overall contribu-
tion (0.78) followed by the Lien Minh and black H’mong
populations (0.58 and 0.47 respectively). Compared with
the previous method, the contribution of the Quy Phi
population was not significant because its contribution at
the between-population level was not enough to compen-
sate for its negative contribution at the within-population
level (–1.68). Contribution to global diversity was signifi-
cantly negatively correlated with total allelic diversity
(Spearman’s rank correlation = –0.90, P < 0.001).
For the prioritisation of conservation at the flock level,
one can see notable differences among flocks from the
same VNN populations and in some cases even loss and




































































Figure 3 Principal component analysis of the
seven homogenous VNN populations and 25
flocks derived from nine VNN populations in
different colours, populations with no colour
have only one flock. (a) Projection of the
centroid for each population or flock on
principal components 1 and 2. (b) Projection of
the centroid for each population or flock on
principal components 2 and 3. AC, Ac; HM,
black H’mong; CH, Choi; DK, Dan Khao; DT,
Dong Tao; HO, Ho; MA, Mia; MG, Mong; RI,
Ri; TV, Tau Vang; TE, Te; TY, Tien Yen; TO,
To; TR, Tre; TI, Troi; and XC, Xuoc.
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as seen in the Mong population (Table S7). For the black
H’mong, both flocks showed one of the highest overall
contributions to diversity, but still the contribution of
HM_7 (–0.47%) was much more important than that of
HM_2 (–0.16%). Nevertheless, Lien Minh and black
H’mong made an important contribution when consider-
ing populations as well as individual flocks. On the
contrary, Mong did not show one of the highest contri-
butions, but MG_1 did.
Discussion
Genetic diversity within populations
Vietnamese domestic chickens exhibit a high genetic
diversity in terms of number of alleles. The VNN populations
exhibited higher genetic diversity than did the CNO popu-
lations with higher allelic richness. The mean number of
alleles of VNN populations was higher than that of
Taiwanese conserved breeds (Berthouly et al. 2008) but in
the same range of values observed for African chickens
(Muchadeyi et al. 2007; Goraga et al. 2012). In this study,
the level of allele richness in the VNN was lower than that
in the Red Jungle Fowl but higher than that observed in Ha
Giang chickens (Berthouly et al. 2009). The observed
heterozygosity was comprised within the values previously
estimated for the Ha Giang population (Berthouly et al.
2009) and the value of nine Vietnamese breeds (Cuc et al.
2010). Overall, estimates were very similar to local African
populations (Muchadeyi et al. 2007) but higher than that of
Taiwanese breeds (Berthouly et al. 2008). However, the FIS
values from the VNN populations were much higher than
were the values obtained in Taiwanese native breeds by
Berthouly et al. (2008) but were generally lower than the
values found in British local chicken breeds (Wilkinson et al.
2012). Because the bias due to null alleles was avoided by
excluding two markers, the main explanation for deviations
from HWE and rather high FIS values in VNN populations
could be due to the lack of exchanges of breeding animals
between flocks of the same breed, as found in our study,
leading to a fragmentation of the breed in subgroups
resulting in a Wahlund effect when more than one flock per
population is sampled. Genetic structuring of populations
into subpopulations corresponding to different flocks was
also observed in British local chicken breeds (Wilkinson
et al. 2012). For populations with high FIS values that were
sampled in a single flock, the possibility that a few migrant
animals came from other flocks should be investigated.
The high genetic diversity of Vietnamese local chickens
can be partly explained by the geographical location of
Vietnam within the centre of chicken domestication (Bert-
houly et al. 2009; Storey et al. 2012). This is illustrated by
the fact that Red Jungle Fowl in this study presented a high
level of genetic diversity compared with that of domestic
chicken populations sampled in Vietnam. Several chicken
populations have recently been conserved in research
centres, but the remaining populations are still under
conservation by private farmers. Therefore, private farm
conservation practices could on the one hand increase
genetic diversity due to the absence of selection schemes
and common animal exchanges, but on the other hand,
without strict regulation they also can favour admixture
between breeds including exotic breeds. The Lien Minh
breed differs from the other populations because it has
been isolated in the Cat Ba Islands since 1946. Gene flow
to this population has been limited, and local farmers
reported no introduction from any other breeds into their
chicken flocks. The Lien Minh breed exhibited the lowest
number of marker alleles, probably because of its small
population size and high inbreeding, which are known to
lead to a loss of genetic diversity (Frankham 1996;
Allendorf et al. 2010).
Genetic relationships and substructuring of populations
Genetic variation occurred mostly within populations
(>80%, AMOVA), implying low genetic differentiation
between populations. The genetic distances apparently
support this explanation, as the mean DR distance was as
low as 0.062. In local breed populations, it has been shown
that admixture levels are usually very high. Indeed,
populations with high within-breed diversity and a close
relationship have led to low assignation values using the
Bayesian clustering approach (Leroy et al. 2009; Zanetti
et al. 2010). For instance, Muchadeyi et al. (2007) revealed
that no population subclustering of village chickens was
found in five Zimbabwe ecotypes, whereas five ecotypes of
Ethiopian chickens separated into two subgroups (Goraga
et al. 2012) where the chickens have not been bred for
particular traits and have been kept in free-range systems
with poor management. The clustering analysis provided
evidence that, despite the growing success of these Chinese-
origin chickens with farmers, the VNN flocks under
conservation are still today exempt from Chinese population
introgression. Among 24 populations, eight VNN popula-
tions, four CNO populations and Red Jungle Fowl could be
clearly assigned to their own cluster as harbouring unique
genotypes. As expected, Quy Phi emerged from the remain-
ing populations by Neighbornet tree and STRUCTURE analysis.
The population structure was not clear for five populations
from north-east and six populations from Red River Delta,
both with a low membership proportion. These 11 popu-
lations, when analysed apart, still could not be distin-
guished. According to their known breeding history, Ho and
Mong have the same ancestors (Hoang & Vo 2010). Te
Dong Bac and Huong Ke show distinct phenotypes but they
are geographically close. It seems quite possible that Te
Dong Bac is a dwarf variety of Huong Ke; difference by one
major gene could not be detected with 20 microsatellite
markers. Troi and Tien Yen were developed in the same
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region. Tre is a game bird with a complex genetic
background and high inbreeding. In addition to a common
history, our results suggest that the lack of exchanges
between conserved flock might have accentuated this
phenomenon. Small founding flock size accentuates genetic
drift and inbreeding depression, which therefore increase
genetic differentiation between flocks within populations.
Our PCA results clearly demonstrate such a fact. For
instance, HO_1 is genetically closer to MG_1 than to HO_2
(Fig. 3). This situation is observed in almost all populations
that could not be clearly separated using Bayesian
clustering analysis. Therefore, focusing more on flock
management and connecting more efficiently the breeders
and their flocks might enhance the conservation of genetic
diversity of VNN populations with little additional mone-
tary effort.
Contribution to diversity and implications for
conservation
Regarding the conservation issue, priorities were mostly
consistent across the two approaches we used. The results
showed that Luong Phuong, Lien Minh, black H’mong and
Red Jungle Fowl populations have high priorities. However,
in a recent study, Cuc et al. (2011) reported that Ac, Dong
Tao and Te had the highest contribution in terms of
between-breed diversity. Contributions to total gene diver-
sity are partly influenced not only by between-breed genetic
differences but also by within-breed diversity (Eding et al.
2002; Toro et al. 2009), as indicated by genetic variation
and population structure. For instance, the Lien Minh breed
contributed mainly to between-breed diversity and exhibited
very low within-breed diversity; it was highly differentiated
from other breeds and appeared as an obvious priority for
conservation. This is also true in the case of the Luong
Phuong breed, which showed the highest contribution to
allelic richness. Black H’mong, Tau Vang and Xuoc should
be preferred for conservation because their main contribu-
tions were based upon their gene diversity and allelic
richness, and thus, these breeds had a high contribution to
the overall gene diversity (Tables S6 & S7). Surprisingly,
three cultural and historic breeds (i.e. Dong Tao, Ho and
Mia) had a low contribution in gene diversity and allelic
richness to the metapopulation. In fact, farmers have
selected these breeds, used for the yearly spring festival’s
competition, for high body weight, which results in poor
reproduction. Therefore, the numbers of breeding chickens
have gradually decreased for years, leading to an increased
homozygosity and/or loss of alleles (Toro et al. 2011). In
addition, the neutral genetic variation does not predict
phenotypic variation, and thus, conservation priorities
based only on microsatellite variation should be cautious
(Lawson Handley et al. 2007). The smallest contributors to
the gene pool were also found in the two breeds of Ac and
Choi. These two breeds were characterised by a low gene
diversity and uniqueness, as confirmed by STRUCTURE analysis
(Fig. 2b). A similar picture was observed in the Tien Yen
and Troi breeds. If one of the two would become extinct, it
would not affect overall gene diversity. Moreover, using a
different set of breeds is likely to change the relative
contribution of each breed, or flocks within the breed, to
total diversity; thus, this study shows the importance of a
planned and extensive sampling strategy to make a recom-
mendation at a national level. Interestingly, when popula-
tion flocks are very different, as with the VNN populations,
conservation priorities might be underestimated, as in the
case of the Mong population. This highlights the need to
investigate the genetic pattern more often, not only at the
population level but also at the flock level, preventing the
risk of extinction in the small populations.
The conservation priorities also are influenced by farm-
ers’ preferences for a specific breed, market demand,
survivability and productivity under existing management
conditions, and other economical advantages. For example,
farmers in Phu Tho Province did not like Van Phu chickens
with black feathers and black shanks, preferring instead
chickens with yellow feathers and yellow shanks, which
resulted in the extinction of this chicken breed before 1990
(FAO 2008). In recent years, with the efforts of Vietnamese
scientists to promote local chicken products related to the
quality and taste of the meat and egg as well as the demand
of the domestic market, several public and private poultry
farms have been selecting local chickens for meat produc-
tion. Consequently, Ac and black H’mong chickens cur-
rently remain throughout the country due to their
traditional tonic food (FAO 2008; Dorshorst et al. 2011).
In Khanh Hoa Province, one private farm has been selecting
yellow skin Choi chicken for meat production (So 2012).
Dong Tao chicken also is kept in the southern part of
Vietnam for meat consumption in traditional festivals,
including at one private farm in Dong Nai Province with
800 birds (Duc 2012).
For a national conservation programme, conservation
priorities should therefore pay attention not only to the
genetic diversity of flocks within the breed but also to the
utility and historical heritage values of chicken breeds
(Zanetti et al. 2010; Cuc et al. 2011). Private support may
be obtained for the high-utility breeds, while the public
sector should pay much attention to the chicken breeds
with historical heritage value and/or low immediate
utility.
In conclusion, the Bayesian clustering analysis and
principal component analysis showed that several VNN
populations were divided into subpopulations, which should
be taken into account for breeding management practices.
Populations of Xuoc, Tre, Te, Dong Tao, Ho, black H’mong
and Mia showed very high inbreeding coefficients and could
be considered at risk (Toro et al. 2009). Therefore, a
national strategy should be set up to maintain the genetic
diversity of Vietnamese domestic chickens for sustainable
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use. Three components could be considered: conservation of
high-priority breeds, within-breed management with ani-
mal exchanges between flocks to avoid the Wahlund effect
and monitoring of the inbreeding rate.
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method. Evolution of DK.
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lation structure for markers that were deviated from HWE.
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